23 24 25 39 standing homing endonuclease, or mostly facilitated by A+T tandem repeats and regions 40 of integration of GC clusters. These introgressions were shown to occur at intra-as well 41 as at interspecific levels. This suggest a complex model of Saccharomyces evolution 42 which involve several ancestral hybridization events in wild environments. 43 44 Keywords: Saccharomyces, reticulate evolution, mitochondrial introgression, selfish 45 elements, recombination, interspecies hybridization. 46 47 100 101 3. Material and Methods 102 3.1 Saccharomyces strains and culture media 103 A collection of worldwide distributed 517 Saccharomyces strains, and 49 natural 104 hybrids (Figure 1, Table S1 ) were used in this study. Species assignment for each strain 105 was delimited by different authors using molecular techniques, such as the sequencing 106 of 5.8S-ITS region, Random Fragment Length Polymorphisms (RFLP), a multilocus 107 sequence approach or whole genome sequencing (Table S1 ). Hybrids were mostly 108 characterized on the basis of restriction analysis of 35 nuclear genes (Table S1) . 109 Naumovozyma castellii sequences were included as the outgroup references to root 110 phylogenetic trees. Yeast strains were grown at 28 ºC in YPD (2% glucose, 2% peptone 111 and 1% yeast extract). 112 113 3.2 PCR amplification, sequencing and gene alignments 114 Total yeast DNA was extracted following the procedure described by Querol et al. 115 (1992). 517 partial gene sequences (585bp) of the COX2 mitochondrial gene were 116 amplified by PCR using the primers described by Belloch et al. (2000). COX3 and ORF1 117 gene sequences were amplified and sanger-sequenced using primers described in Table   118 S2, or retrieved from public databases as indicated below for a total of seventy-two 119 Saccharomyces strains, which represented the most frequent COX2 haplotypes (Table   120   S1 ). The ORF1 sequencing followed a primer walking approach. ORF1 gene amplification 121 from IFO1815 failed to be amplified, and the ORF1 sequence from the reference S. 122 eubayanus strain (FM1318) was not available in the period of this study; however, a 123 recent study demonstrated that S. eubayanus ORF1 from this strain is in advance stay of 124 decay (Baker et al. 2015). Sequences were deposited in GenBank under Accession nos. 125 129 bin/blast/submitblast/s_cerevisiae_sgrp). 130 COX2 and COX3 sequences were aligned using CLUSTALW, as implemented in MEGA 131 v5 (Tamura et al. 2011), and manually trimmed. For ORF1 we used MUSCLE (Edgar 2004) 132 to align the aminoacid sequences and the nucleotide sequence alignment was further 133 refined by visual inspection in Jalview 4.0b2 (Waterhouse et al. 2009). Annotations 134 and polymorphism figures were done in Geneious v. R6 (Kearse et al. 2012).
Abstract

27
Horizontal Gene Transfer (HGT) in eukaryotic plastids and mitochondrial genomes is 28 common, and plays an important role in organism evolution. In yeasts, recent 29 mitochondrial HGT has been suggested between S. cerevisiae and S. paradoxus. 30 However, few strains have been explored due to the lack of accurate mitochondrial 31 genome annotations. Mitochondrial genome sequences are important to understand how 32 frequent these introgressions occur and their role in cytonuclear incompatibilities and 33 fitness. In fact, most of the Bateson-Dobzhansky-Muller genetic incompatibilities 34 described in yeasts are driven by cytonuclear incompatibilities. In this study, we have 35 explored the mitochondrial inheritance of several worldwide distributed Saccharomyces 36 species isolated from different sources and geographic origins. We demonstrated the 37 existence of several recombination points in the mitochondrial region COX2-ORF1, likely 38 mediated by the transfer of two different types of ORF1 (F-SceIII), encoding a free-
Introduction
48
Chloroplast and mitochondrial genomes are prone to introgressions, recombinations 49 and Horizontal Gene Transfers (HGT) (Keeling 2009; Hao et al. 2010) , which likely play 50 an important role in the evolution of eukaryotes (Andersson 2009). Introgressions, JN676363-JN676823 and JN709044-JN709115. Gene sequence accession numbers 126 from previously sequenced strains are shown in Table S1 recombination points than that selected as the common recombinant point ( Figure S1 ).
247
In any case, the COX2 3' end segment ( Figure S2B ) was responsible of most of the 248 incongruence.
249
A careful inspection detected the potential donors of recombinant COX2 sequences 250 from hybrids. In the case of haplotypes corresponding to double, S. cerevisiae x S. 251 kudriavzevii, which representative is CECT11002, and a triple hybrid S. cerevisiae x S. Figure S1 ). In the case of IFO1803, the amino acid sequence indicates a 264 recombination between S. kudriavzevii and S. uvarum ( Figure S1 ); although, the region 265 donated by S. uvarum corresponds to an unknown strain. For S. mikatae IFO1815, a 266 potential donor might be a S. cerevisiae strain from haplogroup C1b, but its amino acid 267 sequence is similar to IFO1816 ( Figure S1 ). Unfortunately, IFO1815 and IFO1803 strains 268 were not further explored in this study. Figure S3 ), 279 with lengths ranging from 1.3 Kb (S. cerevisiae ZA17) to 1.5 Kb (S. cerevisiae VRB).
280
The ORF1 phylogenetic tree ( Figure S3 ) conflicts with the species tree ( Figure 3) , 281 indicating the presence of reticulate events driven by a potential HGT from one species 282 to another or the presence of recombinant sequences. To visualize the presence of 283 conflicting data in the alignment, we reconstructed a NN phylogenetic network ( Figure 4 ).
284
Two groups of sequences were visualized in this network: the type I group contains most 
308
Particular attention must be given to the S. cerevisiae strains CECT11757 and L1528, 309 representative of the C2xP3 (S. cerevisiae C2 x Far East S. paradoxus, Figure S1 , and 310 S2) recombinant COX2 group, and which sequence was also contained in hybrids IF6,
311
UvCEG, and S6U. These two strains bear an ORF1 type I closely related to European 312 CECT10308 ORF1 ( Figure S4 and S5 In the case of L1528, the recombination track was prematurely resolved, containing a 320 chimeric ORF1 type I x type II ( Figure S4 and S5). To improve the species assignment based on a mitochondrial gene, we analyzed the 325 COX3 sequence of the selected seventy-two Saccharomyces strains (Table S1 ). The lack 326 of introns and overlapping homing endonucleases make COX3 a good candidate for the 327 species assignment.
328
The COX3 NJ phylogenetic tree was mostly congruent with the species tree ( Figure 3 329 and S6), except for the American S. paradoxus, which strains were enclosed with S. 330 cerevisiae strains. In addition, the position of S. mikatae was not well resolved. The COX3 331 MJ phylogenetic network assigned species by haplogroups ( Figure 5 ). We located S. Figure S1A ), also had a COX3 sequence closely related to the S. cerevisiae haplogroup.
351
The COX3 haplotype 17 of 120MX was identical to S. cerevisiae COX3 sequences of GC clusters and A+T-rich sequences. 359 We reanalyzed the recombinant sites using a concatenated alignment of the three 360 genes studied here (~2.3 Kb). This analysis detected additional recombinant points, that 361 together with the previous sites using individual genes made a total of 14 recombinant 362 sites ( Figure 6 ). In addition to recombinant points found at the beginning of the ORF1 363 CDS, some recombination breakpoints were located close to A+T-rich sequences or 364 regions were GC clusters can be integrated (see Supplementary text, Figure 6 ). Two of 365 the recombination points were just on the beginning of both ORF1 LAGLIDADG domains 366 ( Figure 6 ). At least one of the recombinant events involved some of the haplotypes 367 located in the ORF1 phylogeny in-between the two main types (Figure 4 , 6, and S5). The recombination located in COX2 gene makes this gene a good candidate to 384 differentiate closely related strains. Those strains sharing a similar recombination are 385 expected to share a similar ancestor. To describe the phylogeography of S. cerevisiae, 386 we explored the polymorphic COX2 gene of 418 S. cerevisiae strains from 7 continents, 387 isolated from both human-associated (baking, beer, clinical, laboratory, sake, wine and 388 traditional alcoholic beverages) and wild environments (Figure 1 , Table S1 ).
389
An association study among S. cerevisiae strain origins and their haplogroup 390 distribution was performed ( Figure S7A ). Clinical and wine samples were significantly 391 associated with haplogroup C2 (χ 2 test p-values 9.9 x 10 -5 and 3 x 10 -4 , respectively). We 392 applied a similar approach to infer the distribution of haplogroups taking into account their 393 geographic origins ( Figure S7B ), revealing that European S. cerevisiae strains were 394 highly associated with Haplogroup C2 (χ 2 test p-value 9.9 x 10 -5 ). No significant Before the hybridization event between S. cerevisiae with other Saccharomyces species, 447 S. cerevisiae mitochondria was introgressed with a European S. paradoxus (Figure 7) .
448
Introgressions occurring before hybridization might be also a potential scenario for some 449 other hybrids, such as S. cerevisiae x S. kudriavzevii hybrids which showed those strains found in sympatric association (Wu et al. 2015) . However, a complete COX2 and ORF1, together with the annotation of alpha helixes and beta sheets of the 870 domains can be found in Figure S9 and S10. Detected A+T tandem repeats (Table S4) , 871 GC Clusters (Figure S11, S12) , and recombination points are represented according to in this study. For more hypothesized complex models visit the Figure S8 .
891 Supplementary Tables and Figures   892   Table S1 . Strain information.
893 Table S2 . Primer pairs used in this study.
894 Table S3 . Summary statistics for all Saccharomyces and each species using COX2.
895 Table S4 . Distribution of AT tandem repeats. the number represents the position in the ORF1 alignment (see Figure 6 ). An arrow 922 indicates that a particular GC cluster was inverted to infer the GC cluster family. Square 923 colors represent GC cluster similarity according to Figure S11 , and the NJ trees from 924 Figure S12 . The COX2 Haplogroup designation is shown. Sequences were colored according to their 929 similarity as inferred from Figure S5 . Symbols * and ^ represent type I and type II ORF1 930 sequences, respectively. Regions colored in yellow are sequences from unknown source.
931
Lines indicate the sites corresponding to each alignment partition to reconstruct the ORF1 932 phylogenetic networks by segments ( Figure S5 ). Figure S10. COX2 and ORF1 aminoacid alignment (Supplementary File Figure S10 ).
975
The complete COX2 and ORF1 aminoacid alignments are shown. Protein secondary 976 structure and domains are indicated for ORF1. Jalview also display the alignment quality 977 (based on BLOSUM 62), physicochemical conservation calculated according to 978 Livingstone and Barton (Livingstone and Barton GJ 1993), and consensus sequence. GC cluster according to sequence similarity we reconstructed the NJ phylogenetic tree of 987 GC cluster 6 and 7. This classification is shown by numbers in Figure S3 . Scale bars 988 represent number of substitutions per site.
